The antifungal activity of 52 derivatives of 3-(3,5-dichlorophenyl)-2,4-imidazolidinedione, having various acyl groups at the 1-position of the imidazolidine ring, against Alternaria kikuchiana was determined by the agar medium dilution method. The structure-activity relationships were analyzed using such physicochemical parameters as hydrophobic ir, electronic 0-*, and steric E values with the multiple regression technique.
INTRODUCTION
The derivatives of 3-(3,5-dichlorophenyl)-2,4-imidazolidinedione, having acyl groups at the 1-position of the imidazolidine ring, possess high antifungal activity, especially against Alternaria, Botrytis, and Sclerotinia genera which are serious plant pathogens in crop production. Hence, we synthesized a number of 1-acyl-3-(3,5-dichlorophenyl) -2, 4-imidazolidinediones and determined their antifungal activity against Alternaria kikuchiana by the agar medium dilution method.2' We then analyzed the relationships between the chemical structure and antifungal activity of these compounds using the Hansch-Fujita method." In this paper, we will discuss the physicochemical roles of the substituents of the acyl moieties in the antifungal activity.
MATERIALS AND METHODS

Compounds
The structure of the compounds was confirmed by PMR and IR spectra and elemental analyses for C, H, N, S, and halogens. The 1-acyl-3-(3,5-dichlorophenyl)-2,4-imidazolidinediones in Table 1 were prepared by the reaction of 3-(3,5-dichlorophenyl) -2, 4-imidazolidinedione with appropriate carboxylic anhydrides" or carboxylic halides in the presence of a base. 3-(3,5-Dichlorophenyl)-2,4-imidazolidinedione is the same as that used in our previous paper." The carboxylic anhydrides and halides, and the starting acids were either obtained commercially or synthesized by the methods described in the literature.5-" A typical synthetic procedure is shown below.
To a mixture containing 7.4 g of 3-(3,5-dichlorophenyl)-2,4-imidazolidinedione, 3.6 g of triethylamine, and 100 ml of toluene, 4.0 g of isovaleryl chloride was added dropwise with stirring at room temperature. After stirring for 10 hr, the reaction mixture was filtered. The filtrate was washed successively with dilute HCI, water, saturated aqueous NaHCO3, and water, dried over anhydrous Na2S4, and then evaporated to dryness to yield 9.2 g of the crude product. Repeated recrystallization from ethanol gave 3.5 g of 1-isovaleryl-3-(3,5-dichlorophenyl)-2,4-imidazolidinedione, mp 94-94.5C.
Z. Antifungal Activity
The 150 value of the compounds (the molar concentration for 50% inhibition of mycelial growth) against A, kikuchiana was determined by the agar medium dilution method using the same technique as that in our previous work.9 Cultivation was performed for 6 days at 25 1C. The activity expressed as pLo=(log 1/I5o) is listed in Table 1 . The antifungal activity for 3-(3,5 -dichlorophenyl) -2, 4-imidazolidinedione was also determined. The plso value obtained is 4.28. the corrected steric constant related to the Taft ES constants 1' by Eq. (1), where nH is the number of a-hydrogen atoms. Es=ES-0.306(3-nH) (1) It was suggested that Es emphasizes the effect of a-branching of substituents more than ES,13 ' The 71 values were estimated from the observed log P (1-octanol-water partition coefficient) values for the appropriate compounds according to the additivity principle.14' The ?T values for the methyl group, chain branch, group branch, normal double bond, and conjugated double bond, which were adopted in this paper, are 0.54, -0.13, -0.22, -0.55, and -0.42, respectively.15' The IT values used for Cl, Br, and OMe groups, which are -0.13, 0.04, and -0.98, respectively, are those reported for y-substituted propylbenzene series.10' The IT value used for the SEt group is 0.14, which was calculated in the previous paper.1 For cycloalkyl groups such as cycloPr, cyclo-Bu, cyclo-Pent, and cyclo-Hex groups, the it values were calculated with the difference between the log P value for a cycloalkane and that for the corresponding alkane as follows: iTcyclo-Hex = lTn-Hex + {log Pcyclohexane -(log P pentane+7TCH3)} + 7Tgroup branch =0.54 x 6+{3.44-(3.39+0.54)} -0.22 =2.53.
All log P values used in these calculations were taken from the data file compiled by Hansch and his co-workers.l6' The 1T, o ' and Es values used in the analyses are listed in Table 1 .
RESULTS AND DISCUSSION
In the preliminary analyses, we found that several of the alkoxyalkyl groups, which are hydrogen bond acceptors, exert an extra substituent effect on the activity variations in the 1-acyl-3-(3,5-dichlorophenyl)-2,4-imidazolidinediones, compared with nonhydrogenbonding substituents.
Furthermore, it was also found that the tertiary substituents need to be treated separately than the non-tertiary substituents with respect to the substituent effect. Thus, we first analyzed the activity data in Table 1 for the derivatives having the substituents which would not be tertiary, among such nonhydrogen-bonding groups as alkyl, cycloalkyl, cycloalkylalkyl, alkenyl, haloalkyl, and alkylthioalkyl" 17> groups and derived Eq. (2). In this and the following equation, n is the number of data used in the correlation, s is the standard deviation, r is the correlation coefficient, and Fv1, v2 is the F ratio of the correlation where Pt=rn and P2=n-rn-l; rn is the number of independent variables used in the correlation. The figures in parentheses are the 95% confidence intervals. In Eq. (2), the Es2 and Es terms are justified at levels between 97.5 and 95% and between 99 and 97.5%, respectively, by t test. The other terms are justified above the 99.5% level.
For derivatives having tertiary nonhydrogenbonding substituents, the observed pLo values are 0.4-0.9 log unit less than those calculated by Eq. (2) as shown in Table 1 . We assumed that this effect could be represented by #3°, an indicator variable, which takes 1 for tertiary substituents or zero for non-tertiary ones.
Thus, Eq. (3) was derived for all derivatives having nonhydrogen-bonding substituents shown in Table 1 In Eq. (3), the Es2 and Es terms are justified at levels between 97.5 and 95% and between 99.5 and 99%, respectively. The other terms are justified above 99.5% level. The correlations of Eqs. (2) and (3) are excellent and the slopes of the corresponding terms and intercepts in these equations are very similar in magnitude. This fact justifies the significance of the 3 term in Eq. (3). The equation, derived by using ES instead of Es, scarcely differed from Eq. (3) in correlation and content. The squared correlation matrix for the variables of Eq. (3) is shown in Table 2 .
Equation (3) shows that the antifungal activity is related parabolically to the IT value of substituents and reaches a maximum when it is 2.03. The parabolic dependence on the hydrophobicity seems to indicate that the compounds should traverse a number of lipoidal-aqueous interfaces to reach the critical site for biological activity.18' The (7* term in Eq. (3) shows that the stronger the electron donating power of the substituent, the greater the activity. This suggests that an increase in the electron density of the carbonyl group of the acyl moiety enhances the activity. An interaction between the carbonyl oxygen atom and a hydrogen-donating group of the target site may play an important part in the emergence of high activity.
The antifungal activity is related parabolically to the Es value of substituents also and its optimal value is -3.20. The parabolic dependence on the steric bulkiness indicates that the substituents exert two types of steric effects. It seems reasonable to suppose that the one effect is on a degradation process such as the deacylation and the other is on the interaction of the compounds with the target site. The deacylation is considered to be a partial detoxication process since the deacylated compound, 3-(3,5 -dichlorophenyl) -2, 4-imidazolidinedione, whose pLo value is 4.28, is active to some extent.
The first effect described above is significant in substituents whose steric bulk is smaller than the optimum while the second is important in the more bulkier substituents. The parabolic dependence of an activity value on Es was also found in the correlation analysis of the growth inhibiting activity of N-(1-methyl-l-phenylethyl)-2-alkyl-2-bromoacetamides against bulrush, where the alkyl substituents at the 2-position were varied from simple groups to highly branched ones.19'
The fact that the coefficient of the #3° term in Eq. (3) is -0.596 means that the activity of the derivatives having the tertiary substituents is about 4 times lower than that of the compounds having non-tertiary substituents, other things being equal. This suggests that the hypothetical cavity of the target site corresponding to the acyl moiety is very small in one particular direction.
For methoxy-and ethoxy-alkyl derivatives among alkoxyalkyl ones, the observed pLo values are 0.2-0.8 log unit greater than those calculated by Eq. (3) as shown in Table 1 . It is thought that this positive deviation is due to the hydrogen bonding ability of the alkoxy oxygen atom. A hydrogen-donating group located in the receptor region cor- 
